Introduction {#s1}
============

AKT, a serine-threonine kinase that is involved in a variety of cellular processes including cell survival, proliferation, metabolism, and response to inflammatory agents [@pone.0101070-Chan1]--[@pone.0101070-Brazil1], is aberrantly activated in correlation with oncogenic transformation and tumor growth. Elevated AKT occurs in ∼50% of all human cancers including prostate cancer (CaP) [@pone.0101070-Cantley1], [@pone.0101070-Vivanco1] and its activation is subject to negative regulation by tumor suppressor phosphatase and tensin homolog (PTEN) [@pone.0101070-Cantley1], [@pone.0101070-DiCristofano1]. Loss of PTEN occurs at high frequency in high-grade and metastatic CaP and is accompanied by constitutive activation of AKT [@pone.0101070-Blando1], attesting to the critical role AKT plays in prostate carcinogenesis [@pone.0101070-Li1], [@pone.0101070-deSouza1]. Yet, up to 30% of recurrent castration-resistant tumors are also PTEN-positive [@pone.0101070-Taylor1], [@pone.0101070-Ghosh1]. The incongruent findings suggest that endogenous proteins might exist capable of regulating and modulating the expression, activation and function of AKT.

Epidemiologic studies demonstrate an association between consumption of diet rich in fruits and vegetables with reduced risk of developing many cancer types; furthermore, dietary grape polyphenol resveratrol has been shown to inhibit AKT activity [@pone.0101070-Benitez1]--[@pone.0101070-Gill1]. However, it is not known how resveratrol controls AKT, particularly in the context of its reported anti-CaP activity. NQO2 is an oxidoreductive enzyme that utilizes dihydronicotinamide riboside (NRH) as a co-substrate for converting quinones to hydroquinones, and is traditionally considered as a phase II detoxification enzyme. NQO2 has been identified by us as a resveratrol target protein [@pone.0101070-Buryanovskyy1] and its participation in chemoprevention by resveratrol is supported by our recent studies showing that resveratrol mediates NQO2-dependent cyclin D1 degradation in CWR22Rv1 CaP cells [@pone.0101070-Hsieh1]. AKT phosphorylates glycogen synthase kinase 3 (GSK-3α/β) at serine 21/9 (Ser21/9). This phosphorylation deactivates GSK-3 leading to a decrease in cyclin D1 phosphorylation at threonine 286 (Thr286) and subsequently cyclin D1 accumulation [@pone.0101070-Diehl1], [@pone.0101070-Alt1]. However, details by which NQO2 acts on AKT activation/deactivation remain largely unknown.

Previously it has been reported that physiologically achievable concentrations of BCR-ABL kinase inhibitors bind and inhibit both NQO2 and ABL activities [@pone.0101070-Rix1], [@pone.0101070-Winger1]. Since we found that NQO2-knockdown cells showed an accompanying increase in AKT activity [@pone.0101070-Hsieh1], we consider that NQO2 could decrease AKT activity through its direct binding to AKT and in addition, possibly by forming a complex with resveratrol. To test this hypothesis, in the present study, we employ biochemical and cellular assays in combination with *in silico* modeling to examine a hitherto unreported interaction between NQO2 and AKT and to unravel the modulation of this interaction by resveratrol. We showed that (i) AKT is a binding partner for NQO2; (ii) interaction between NQO2 and AKT is directed at the PH domain of AKT; (iii) resveratrol affects the interaction between NQO2 and AKT and (iv) AKT is a newly discovered resveratrol target protein. Our results reveal a novel control of AKT by non-kinase NQO2 and that NQO2 participates in resveratrol-induced anti-CaP activity by targeting AKT/GSK-3β/cyclin D1 mediated growth control.

Materials and Methods {#s2}
=====================

Reagents {#s2a}
--------

Epoxy-activated agarose resin (12 atom linker, 33 µmol of epoxy group/ml of packed gel) and resveratrol were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Stock of resveratrol (12.5 mM) was prepared in dimethyl sulfoxide (DMSO) and kept at −20°C. The human NQO2 and N161H NQO2 recombinant proteins were provided by Dr. Z. Zhang and its preparation was detailed previously [@pone.0101070-Buryanovskyy1]. The human AKT recombinant protein was obtained from Upstate Biotechnology, Inc. (Lake Placid, NY, USA). All other chemicals and solvents used were of analytical grade and purchased from various commercial vendors.

Cell culture {#s2b}
------------

Human K562, PC-3 and CWR22Rv1 cells were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). CWR22Rv1 cells containing stably expressed shRNA-mediated NQO2-knockdown were established using procedures described [@pone.0101070-Hsieh1]. Single colonies were picked for propagation and expansion. Using this approach, a number of stable monoclonal cell lines were established. The NQO2 knockdown was confirmed by immunoblot analysis. The two sublines used for this study were designated shRNA08 and shRNA25, representing the control and NQO2-knockdown CWR22Rv1 cells (∼53% decrease in NQO2 expression), respectively [@pone.0101070-Hsieh1]. Routinely, cells were cultured in RPMI-1640 media containing L-glutamine, supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 µg/ml) (Cellgro, Inc., Herndon, VA, USA). Cells were split once a week and media were changed every 3--4 days.

Preparation of cell extracts and Western blot analysis {#s2c}
------------------------------------------------------

Cells were collected and lysed on ice for 30 min in cold immunoprecipitation (RIPA) buffer, which contained 50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 1 mM dithiothreitol and 10 µl/ml protease inhibitor cocktail from Sigma-Aldrich Corp. (St. Louis, MO, USA). Protein concentrations were determined by Coomassie protein assay kit (Pierce, Rockford, IL, USA). Proteins were separated by 10% SDS-PAGE followed by Western blot analysis using specific primary antibodies. The expression of actin was used as a loading control. Immunoreactive bands were detected by enhanced chemiluminescence (ECL) (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, USA). The intensity of the specific immunoreactive bands was quantified by densitometry and expressed as a ratio relative to the expression of actin [@pone.0101070-Hsieh2], [@pone.0101070-Hsieh3]. The primary antibodies for AKT and NQO2 were from Cell Signal Technology, Inc. (Beverly, MA, USA) and Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), respectively.

Gel filtration chromatography {#s2d}
-----------------------------

CWR22Rv1 cell lysates containing 400 mg of protein were loaded on a Superose 12 HR 10/30 column (Amersham Biosciences Corp., Piscataway, NJ, USA) and run on a FPLC system. The column was equilibrated with buffer (10 mM Tris pH 7.5, 150 mM NaCl) and the elution was carried out at a flow rate of 0.25 ml/min; fractions of 0.25 ml were collected and aliquots were analyzed by SDS-PAGE and Western blotting as described above.

Co-localization study and analysis by fluorescence microscopy {#s2e}
-------------------------------------------------------------

PC-3 cells were cultured in RPMI-1640 with 10% fetal bovine serum (FBS) for 72 h. Cells were fixed with 3.7% formaldehyde. Fixed cells were air dried, and then washed with PBS followed by incubation with PBS containing 10% BSA. Next, cells were incubated with anti-NQO2 goat IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-AKT rabbit IgG (Cell Signaling Technology, Inc., Beverly, MA, USA) followed by incubation with FITC- or rhodamine-conjugated secondary antibodies and DAPI (40,6-diamidino-2-phenylindole) (Sigma-Aldrich Corp., St. Louis, MO, USA), and then examined using fluorescence microscopy. A Zeiss microscope equipped with Axiovert 200 Imaging System (Carl Zeiss MicroImaging Inc., Jena, Germany) was used to capture cell images at 200X magnification.

Immunoprecipitation (IP) {#s2f}
------------------------

The human NQO2 or AKT recombinant proteins were incubated in IP-buffer (50 mM Tris-HCl, pH 8.0, 100 mM KCl, 0.1% NP-40, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail) with NQO2 antibody overnight at 4°C. The protein A/G-Sepharose beads (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were added and incubated for 2 h at 4°C, followed by washing five times with buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% NP-40, 2 mM EDTA and 1 mM PMSF. The proteins bound to the beads were analyzed by separation on 10% SDS-PAGE followed by Western blot analysis as described above.

Fusion protein purification and pull-down assays {#s2g}
------------------------------------------------

GST fusion or His-tagged, NQO2 or AKT proteins were expressed in *Escherichia coli* BL21DE3 (*plys*) and purified by the use of either glutathione beads (Amersham Biosciences Corp., Piscataway, NJ, USA) or nickel-nitrilotriacetic acid agarose (Qiagen Inc., Valencia, CA, USA). GST-NQO2 fusion proteins (up to 2.5 µg) were incubated with His-tagged AKT proteins (up to 2.5 µg) in GST binding buffer (50 mM Tris-HCl, pH 7.8, 1 mM EDTA, 150 mM NaCl, 1% Nonidet P-40 and 0.2 mM PMSF). The reaction mixtures were incubated by gentle rocking for 2 h at 4°C, immobilized on glutathione-Sepharose beads for another 2 h at 4°C, and washed five times with binding buffer. The bound proteins were separated on 10% SDS-PAGE followed by Western blot analysis using anti-His (Sigma-Aldrich Corp., St. Louis, MO, USA), anti-AKT or anti-NQO2 antibodies as probes.

Preparation of resveratrol affinity column and fractionation of cytoplasmic extracts on resveratrol affinity columns {#s2h}
--------------------------------------------------------------------------------------------------------------------

Resveratrol was immobilized on epoxy-activated agarose as described [@pone.0101070-Wang1]. In brief, one gram of epoxy-activated agarose was suspended in ice-cold water for 5 min and washed extensively to remove the preservatives. Resveratrol (23 mg) dissolved in 2.5 ml of 0.1 M NaOH was added to 1 ml of resuspended epoxy-activated agarose, followed by an overnight incubation at room temperature to allow chemical coupling of resveratrol to the resin. To stop the reaction, 6 ml of 1 M sodium acetate buffer (pH 5.0) containing 1 mM dithiothreitol (DTT) was added to the mixture to neutralize unreacted epoxy groups and prevent further oxidation of resveratrol. Immobilized resveratrol resin was washed successively with 0.1 M sodium acetate, pH 5.0, containing 1 mM DTT and 70%, 30%, 10%, and 0% ethanol, respectively. Cultured K562 cells were lysed and 200 µl cell extract containing 600 µg protein was passed through resveratrol affinity column to analyze the resveratrol target/binding protein profiles as described previously [@pone.0101070-Wang1], [@pone.0101070-Hsieh4]. The column was eluted 5--7 times, each time with 0.5 ml lysis buffer containing 0.35 M NaCl. This was followed by the same number of washing using 1 M NaCl supplemented buffer. Next, the column was equilibrated with the lysis buffer and eluted with 0.5 ml 1 mM ATP. After the column was extensively washed with 1 mM ATP supplemented buffer, the column was again re-equilibrated with the lysis buffer and eluted with 1--2 mM resveratrol dissolved in 2% DMSO as the last step. Eluted proteins were concentrated by precipitation with methanol-chloroform-water [@pone.0101070-Wessel1], separated on 10% SDS-PAGE, visualized by silver staining and analyzed by Western blot analysis [@pone.0101070-Hsieh4], [@pone.0101070-Wang2].

Determination of AKT mRNA expression by RT-PCR {#s2i}
----------------------------------------------

Total RNA was extracted using the TriZol reagent (Invitrogen, Carlsbad, USA). Isolated RNA (0.5 µg) was amplified by PCR using one-step RT (reverse transcriptase)-polymerase chain reaction kit (Promega Corp., Madison, WI, USA). The PCR primer sequences used were: AKT, forward 5′-CAC ACC ACC TGA CCA AGA TG -3′, reverse 5′-CCT CAG AGA CAC GGC CTT AG -3′; GAPDH, forward 5′-CCA CCC ATG GCA AAT TCC ATG GCA -3′, reverse 5′-TCT AGA CGG CAG GTC AGG TCC ACC -3′. PCR condition for AKT mRNA expression: denaturation, 95°C, 5 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, and extension at 72°C for 1 min. Correspondingly, PCR condition for GAPDH: denaturation at 95°C, 5 min, followed by 28 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s. The expression of GAPDH was used as a control for normalizing AKT mRNA levels.

Protein modeling {#s2j}
----------------

Known 3D protein structure files were obtained from the RSCB Protein Data Bank (PDB) in the PDB file format for NQO2 (PDB code: 1SG0) and AKT (PDB code: 3O96). The files were then prepared in UCSF Chimera [@pone.0101070-Pettersen1] by removing ligands and uploaded to GRAMM-X Protein-Protein docking server [@pone.0101070-Tovchigrechko1], [@pone.0101070-Tovchigrechko2] for analysis. The top energy scoring output containing both proteins was analyzed using UCSF Chimera to identify clashes and hydrogen bonds formed between two proteins as well as to visualize the crystal and surface structure of the bound proteins [@pone.0101070-Sanner1].

Docking Analysis {#s2k}
----------------

UCSF DOCK6.3 programs were used to perform Docking as described [@pone.0101070-Hsieh5]. All ligands used for the docking experiments were obtained from the UCSF ZINC database in mol2 format. ZINC provides the ligands in fully charged and docking ready format for uploading into UCSF docking server. The known X-ray structure of AKT in complex with inhibitor VIII (PDB code: 3O96) was used as a reference receptor structure. The total binding energies were calculated. Ligands with low binding energies were identified as likely to have a high affinity towards the receptor. Once docking was completed, results were analyzed using the UCSF program Chimera and viewed by Chimera's ViewDock tool [@pone.0101070-Pettersen1]. Chimera's Find H-Bond tool was used to determine hydrogen-bonds the ligand may form with the receptor. The angstrom cutoff for H-bonding was relaxed by 0.4 angstroms that allowed bonding up to 3.9 angstroms. All docking procedures were performed in a shell program using a Linux based machine.

Procedure for docking of small molecule ligands to multiple protein:protein complexes {#s2l}
-------------------------------------------------------------------------------------

To test whether and how the presence of a ligand, such as resveratrol, bound to a receptor (target protein) could affect protein-protein binding characteristics, the ligands obtained from the ZINC database were first docked with UCSF DOCK6 prior to the protein-protein binding simulation. Once these calculations were completed, structures with the ligand present were prepared, consolidated using UCSF Chimera's "DockPrep" tool and saved as PDB files. For NQO2, dockings with DOCK6 was performed twice, once for active site of each monomer, in order to place the ligand in active sites of both NQO2 monomers. Once the structures were prepared, they were uploaded to PatchDock for match-principle docking [@pone.0101070-SchneidmanDuhovny1]. The results from PatchDock were then sent to FireDock for refinement and scoring [@pone.0101070-Andrusier1], [@pone.0101070-Mashiach1] which yielded the protein-protein interaction (PPI) score readout. The best scoring model from each of the complexes were then retrieved and downloaded from FireDock and re-prepared for docking in Chimera. Ligands were then allowed to dock with these structures to determine how protein binding could affect interaction with small molecules. In the analysis of certain models where the presence of another bound protein on small molecule binding was not the focus of the analysis, a ligand was simply docked by the aforementioned process, except that the preparation was uploaded as a single structure in Chimera followed by docking and analysis. PatchDock/FireDock was utilized for our analysis as they contained both scoring features and the capacity for docking with ligands.

Results {#s3}
=======

Evidence that interaction occurs between NQO2 and AKT {#s3a}
-----------------------------------------------------

Previously, we reported an increase in AKT activity in NQO2 knockdown CWR22Rv1 cells [@pone.0101070-Hsieh1], raising the possibility that NQO2 might form a complex with AKT and thus providing a mechanism that may sequester AKT and prevent its functional activation. To test this hypothesis, GRAMM-X molecular modeling was used to analyze the potential that NQO2 interacts with AKT. Structure code for NQO2 (1SG0) and AKT (3O96) were obtained as PDB files and uploaded for analysis. The results showed that four hydrogen bonds can form between these two proteins: Asp133 in chain A of NQO2 forms two hydrogen bonds with Arg15 and Lys20 located in PH domain of AKT, while Thr156 and Thr158 in chain B of NQO2 likely hydrogen bond with Glu322 and Asn324 found in kinase domain (KD) of AKT ([Fig. 1A](#pone-0101070-g001){ref-type="fig"}). Prediction of a complex between NQO2 and AKT supports their specific interaction and lends credence to the notion that NQO2 might function as enhancer or suppressor of AKT activity.

![Protein-protein interaction between NQO2 and AKT.\
(**A**) GRAMM-X molecular modeling analysis was used to examine the possible interaction of NQO2 (PDB: 1SG0) and AKT (PDB: 3O96). The output data from the GRAMM-X program showed the potential interaction between these two proteins. H-bonds formed between proteins are shown as blue solid lines and the distance of H-bonds between amino acid residues are presented as angstrom (Å). (**B**) Gel filtration (technical advice provided by Dr. Z. Zhang) was performed to examine complex formation between NQO2 and AKT. CWR22Rv1 cell lysates were applied to a Superdex 200 column and eluted fractions were analyzed by western blotting. (**C**) Wild-type NQO2 and AKT recombinant proteins were immunoprecipitated with anti-NQO2 or anti-AKT antibodies and probed with either anti-AKT or anti-NQO2 antibody. AKT signals were quantified by densitometry analysis and dose-dependent increase of AKT signal was detected in NQO2 immunoprecipitates. (**D**) Analysis of co-localization of NQO2 and AKT in PC-3 cells. Cells were incubated with anti-NQO2 and anti-AKT antibodies, and counter-stained with DAPI for identification of location of cell nucleus. The presence of NQO2 and AKT was identified and visualized by FITC-conjugated or rhodamine-conjugated secondary antibodies, respectively, as described in Materials and Methods. The images were examined by immunofluorescence microscopy. The co-localization of NQO2 (green) with AKT (red) appeared as a yellow color in the merged images.](pone.0101070.g001){#pone-0101070-g001}

Whether NQO2 forms a specific complex with AKT was next examined by gel filtration. CWR22Rv1 cell lysates were subjected to Superdex 200 column chromatography and eluted fractions were analyzed for presence of NQO2 and AKT by immunoblotting. The bulk of NQO2 eluted in fractions 25 to 36, and distinct peaks were observed in fractions 27 to 31. AKT eluted in fractions 24 to 31 ([Fig. 1B](#pone-0101070-g001){ref-type="fig"}) which overlapped with NQO2 in fractions 25 to 31. This result shows that a percentage of NQO2 might form a complex with AKT. To additionally test and confirm interaction between NQO2 and AKT, assays involving reciprocal immune-precipitation followed by western blot analysis were performed; constant input of AKT (or NQO2) at 2.5 µg was incubated with 0, 1.0 and 2.5 µg of NQO2 (or AKT). The results showed that NQO2 or AKT was immunoprecipitated by anti-AKT or anti-NQO2, respectively ([Fig. 1C](#pone-0101070-g001){ref-type="fig"}) in a dose-dependent manner thereby supporting that NQO2 co-exists and possibly binds and forms a complex with AKT.

Next immunofluorescence microscopy analysis was used to test whether NQO2 co-localizes with AKT, thus offering potential for their interaction in intact cultured cells. PC-3 cells were incubated with anti-AKT and anti-NQO2 antibodies, as described in Materials and Methods. Analysis of the images showed the co-localization of NQO2 (green) with AKT (red) as illustrated by the appearance of yellow colored, merged image ([Fig. 1D](#pone-0101070-g001){ref-type="fig"}). These findings further support that interaction occurs between NQO2 and AKT.

Determination of Site of interaction between NQO2 and AKT and modulation of NQO2:AKT interaction by resveratrol {#s3b}
---------------------------------------------------------------------------------------------------------------

Protein docking studies predicted that NQO2 interacts with both PH and kinase domains of AKT ([Fig. 1A](#pone-0101070-g001){ref-type="fig"}). To independently confirm the predicted AKT binding site of NQO2, full length His-tag AKT or AKT containing either PH or kinase domain were generated and designated as AKT-PH or AKT-dPH (deletion of PH domain), respectively ([Fig. 2A](#pone-0101070-g002){ref-type="fig"}). Using pulldown assays and probing reciprocally by immunoblot analysis, it was found that NQO2 interacted with full length or PH domain-containing AKT; in contrast, only a weak interaction was observed between NQO2 and AKT-dPH suggesting that the PH segment of AKT contains structural features that are required for optimal binding and promotion of interaction with NQO2. A less likely explanation is that the kinase domain of AKT interferes with or disrupts the interaction between NQO2 and AKT. Of note, since the PH-containing AKT contained carboxy-terminal His-tag, its status was unable to be probed by AKT antibody (\#9272) (Cell Signaling Technology, Inc., Beverly, MA, USA) used in this study; instead, the pulldown results were queried using antibody directed against His-tag. The results showed that different forms of AKT used as inputs were clearly detected by the anti-His-tag antibody used ([Fig. 2B](#pone-0101070-g002){ref-type="fig"}). To elucidate the effects of resveratrol on NQO2:AKT interaction, GST-tag NQO2 was generated. These included full length wild type NQO2 and NQO2 with Asn161, the key amino acid for binding resveratrol, mutated to His161 (N161H NQO2) ([Fig. 2A](#pone-0101070-g002){ref-type="fig"}). Pre-incubation of resveratrol with wild type NQO2 significantly reduced the extent of binding of NQO2 with full length or PH-containing AKT ([Fig. 2B](#pone-0101070-g002){ref-type="fig"}) suggesting that NQO2, once bound with resveratrol, probably assumes a conformational change making it less capable of interaction with AKT. In N161H mutated NQO2, interaction with full length or PH-containing AKT was comparable to wild type NQO2; however, owing to lack of binding of N161H NQO2 to resveratrol, significantly less pronounced effect of resveratrol was observed on the interaction between mutant NQO2 and AKT ([Fig. 2B](#pone-0101070-g002){ref-type="fig"}). Taken as a whole, these results suggest that NQO2:AKT can exist intracellularly as a complex and that the avidity of their reciprocal binding may be further modulated by exposure to resveratrol.

![Effects of NQO2 on resveratrol mediated AKT control.\
(**A**) Mapping of the sites of NQO2 and AKT interaction using full-length and truncated deletion constructs of NQO2 and AKT, respectively. (**B**) Determination of the interactions between NQO2 and AKT by pull-down assays. His-AKT, His-AKT-dPH or His-AKT-PH (up to 2.5 µg) was used to pull down purified GST-NQO2 or GST-N161H NQO2. The bound proteins were subjected to 10% SDS-PAGE and then immunoblotted using monoclonal antibody against AKT, NQO2 or His. Conditions for C (control) and R (resveratrol) consisted of GST-tagged-NQO2 pre-incubated with or without 1 mM resveratrol added prior to performance of the pull down assays.](pone.0101070.g002){#pone-0101070-g002}

How NQO2/AKT interaction affects AKT activation {#s3c}
-----------------------------------------------

Since PH domain of AKT is required for binding to NQO2, a question of interest is whether this interaction might disrupt or attenuate AKT activation by interfering with the binding of phosphoinositides to the PH domain of AKT. To test this possibility, small molecular docking analysis was employed using Dock 6. We first focused on AKT binding by its activators, Ins(1,3,4,5)P4 (IP4) and PtdIns(3,4,5)P3 (PIP3). The crystal structure of human AKT (PDB code: 3O96) was used to dock the IP4 and PIP3. Total binding energies were calculated and the predicted binding affinity was compared with AKT in complex with its well established allosteric inhibitor VIII. Results showed that PIP3 binds with higher affinity to AKT compared to IP4; binding of either PIP3 or IP4 was reduced ∼45% by the presence of inhibitor VIII ([Table 1](#pone-0101070-t001){ref-type="table"}). Since it has been reported that membrane phosphatidylserine (PS) is also required for AKT activation via interaction with its PH domain [@pone.0101070-Huang1], we next examined the effects of inhibitor VIII on PS and AKT binding. A ∼67% reduction on binding affinity was observed ([Table 1](#pone-0101070-t001){ref-type="table"}). These results support the feasibility and use of *in-silico* approaches to simulate step-by-step intracellular biological events. To investigate whether this approach can be used to ascertain whether interaction of NQO2 and AKT affects AKT activation by disrupting binding of PIP3, IP4, or PS with AKT, AKT-NQO2 complex was first docked by GRAMM-X, using pertinent structures created with Chimera and used as reference receptors (target protein complexes). Total binding energy analysis predicted that when AKT is bound with NQO2, a ∼15% reduction occurred in AKT interaction with PIP3; however, no effect on IP4-AKT or PS-AKT interaction was observed ([Table 1](#pone-0101070-t001){ref-type="table"}). These results suggest that NQO2 is most likely a weak intracellular modulator of the PIP3-AKT binding and interaction, albeit possibly an effect that could attenuate the dynamics of AKT activation. Notably, this result also supports our published study showing an increase in AKT activity in NQO2 knockdown shRNA25 cells [@pone.0101070-Hsieh1].

10.1371/journal.pone.0101070.t001

###### Determination of the binding of AKT activators, Ins(1,3,4,5)P4 (IP4), PtdIns(3,4,5)P3 (PIP3) or phosphatidylserine (PS) to AKT using small molecule docking.

![](pone.0101070.t001){#pone-0101070-t001-1}

  Receptor(s)/Scores                                IP4     PIP3 HG (IP4H)     PS
  ----------------------------------------------- -------- ---------------- --------
  AKT (PDB code \[3O96\])                          −60.65      −100.06       −67.59
  AKT with resveratrol                             −52.94       −90.01       −65.78
  AKT with inhibitor VIII                          −33.70       −54.18       −22.60
  AKT -- NQO2 (PDB code \[1SG0\])                  −61.78       −85.59       −61.15
  AKT -- NQO2 with resveratrol                     −60.20       −87.88       −64.19
  AKT with resveratrol -- NQO2                     −54.91       −85.4        −62.90
  AKT with resveratrol -- NQO2 with resveratrol    −56.77      −102.22       −76.86
  AKT with resveratrol -- NQO2 N161H               −55.77       −72.08       −61.37

Binding and interaction of AKT with resveratrol {#s3d}
-----------------------------------------------

Published reports have shown that BCR-ABL kinase inhibitors can bind and inhibit the activity of both non-kinase and kinase targets, NQO2 and ABL, respectively [@pone.0101070-Rix1], [@pone.0101070-Winger1]. Based on our observation that NQO2 attenuates AKT activity [@pone.0101070-Hsieh1], we hypothesize that resveratrol, alone or in complex with NQO2, may serve as a novel modulator of endogenous AKT by fine tuning the control of AKT activation, activity and function. This hypothesis was evaluated using the UCSF's DOCK6.3 approach. ATP binding site of AKT was used as a receptor for docking resveratrol and the results were visualized using Chimera accessory programs. Evidently, resveratrol fits well within the ATP pocket of AKT ([Fig. 3A](#pone-0101070-g003){ref-type="fig"}) suggesting that AKT is a potential resveratrol target protein. This possibility was strengthened by the predicted binding of resveratrol to the active site of AKT, based on the calculated grid score (GS, indicative of overall binding energy), van der Waals energy (VDW) and electrostatic energy (ES) ([Fig. 3A](#pone-0101070-g003){ref-type="fig"}).

![Binding of resveratrol to AKT.\
(**A**) Docking of resveratrol to AKT (top panel) using DOCK 6.3 program. The grid score (GS) represented the sum of the van der Waals (VDW) and electrostatic scores (ES); compounds showing low GS are likely to have a high affinity towards the receptor (targeting protein). The affinity of resveratrol and ATP to AKT was compared and shown in lower panel. (**B**) Binding of specific proteins from K562 cell extracts to immobilized resveratrol affinity columns and isolation of resveratrol target proteins. Cell lysates fractionated on control and resveratrol affinity columns were eluted with NaCl, ATP and resveratrol. Silver stained protein profiles of the ATP and resveratrol eluted fractions without (left side of the gel) and with (right side of the gel) competition by resveratrol were shown. (**C**) Western blot analysis examined the elution profiles and demonstrated the presence of AKT and NQO2 in resveratrol eluted fractions in column separation performed without prior competition of cell lysates with resveratrol. (**D**) Effect of resveratrol on interaction and complex formation between NQO2 and AKT was evaluated by PatchDock and scored by FireDock. (**E**) Changes on AKT protein expression by resveratrol were examined in control shRNA08 and NQO2 knockdown shRNA25 cells. Cells were treated with increasing doses of resveratrol (0, 2.5, 10 and 25 µM) for 72 h and changes on AKT were analyzed by western blot analysis. The blots were also probed for actin which served as loading control.](pone.0101070.g003){#pone-0101070-g003}

That AKT is a resveratrol target was further examined by resveratrol-appended affinity column chromatography using K562 cell extracts. The results showed that most proteins were loosely retained on the affinity column and only a few, distinct silver stained protein bands were eluted with resveratrol ([Fig. 3B](#pone-0101070-g003){ref-type="fig"}). Immunoblot analysis on fractions eluted using buffers containing increasing salt concentration, ATP, or resveratrol showed that the column-bound NQO2 or AKT did not elute with buffer supplemented with ATP, and was only displaced from the affinity column by resveratrol ([Fig. 3C](#pone-0101070-g003){ref-type="fig"}). Authenticity and binding affinity of AKT as a prospective resveratrol target protein to the affinity column was confirmed by competition with excess resveratrol prior to affinity column fractionation, which effectively competed binding of both NQO2 and AKT ([Fig. 3C](#pone-0101070-g003){ref-type="fig"}). These results indicate that AKT binds tightly to resveratrol, in line with its classification as a novel resveratrol target protein. The inability of column-bound AKT to be displaced by ATP ([Fig. 3C](#pone-0101070-g003){ref-type="fig"}) was unexpected since, in computer modeling analysis, ATP had lower binding energy (hence higher affinity), more favorable VDW's forces compared to resveratrol ([Fig. 3A](#pone-0101070-g003){ref-type="fig"}). One possible explanation for this observation is binding of AKT to resveratrol may be accompanied by a conformational change rendering AKT less accessible to ATP. Additionally, this effect may well be applicable to the control of AKT activity by resveratrol. Studies are planned to further investigate these regulatory aspects of AKT by resveratrol.

Since resveratrol can independently bind to either NQO2 or AKT, the effect of resveratrol on AKT/NQO2 interaction was additionally studied by protein-protein docking. The docking score obtained showed essentially no effect of pre-binding of AKT by resveratrol on its subsequent interaction with NQO2 ([Fig. 3D](#pone-0101070-g003){ref-type="fig"}). In striking contrast, pre-binding of NQO2 resulted in a significant reduction in its interaction with AKT ([Fig. 3D](#pone-0101070-g003){ref-type="fig"}). Not surprisingly, pre-binding with resveratrol using both NQO2 and AKT also markedly impaired their subsequent interaction ([Fig. 3D](#pone-0101070-g003){ref-type="fig"}) further supporting that binding of resveratrol to NQO2 is likely to be the fast and rate determining step in governing AKT:NQO2 interaction. To further understand how NQO2 contributes to resveratrol-induced AKT control, NQO2 expressing and knockdown cells were treated with different dose of resveratrol, followed by western blot analysis. These studies showed that while 2.5 µM resveratrol sufficed to down regulate AKT protein expression in NQO2 knockdown shRNA25 cells, a 10-fold increase in resveratrol (25 µM) failed to cause a comparable decrease in AKT levels in control shRNA08 cells ([Fig. 3E](#pone-0101070-g003){ref-type="fig"}). These results suggest another level of control by resveratrol and NQO2 interplay impinging on control of AKT expression further supporting the role of resveratrol in co-targeting the dynamic regulation of AKT and NQO2.

The change on NQO2 levels following resveratrol treatments was also examined. As expected, a ∼50% decrease in NQO2 expression was observed in knockdown shRNA25 cells relative to shRNA08 cells; however, exposure to resveratrol had no effect on NQO2 in either cells ([Fig. 3E](#pone-0101070-g003){ref-type="fig"}), suggesting that control of NQO2 is distinct from regulation of AKT by resveratrol.

Effect of NQO2 knockdown on AKT expression {#s3e}
------------------------------------------

To obtain information on how NQO2 might contribute to the differential expression of AKT observed in resveratrol-treated control shRNA08 and NQO2 knockdown shRNA25 cells ([Fig. 3E](#pone-0101070-g003){ref-type="fig"}), the stability of AKT was determined. In a time course experiment, control and NQO2 knockdown cells were first incubated with a protein synthesis inhibitor, cycloheximide (CHX), and cells were harvested at different times post treatment. Extracts were prepared and Western blot analysis was performed to assess AKT expression using Hsp70 level as a loading control. Results in [Fig. 4A](#pone-0101070-g004){ref-type="fig"} showed a similar, stable AKT protein half-life in both cells, suggesting that NQO2 do not directly participate in control of turnover of AKT protein. We next tested whether NQO2 status affected transcriptional control of AKT. Control shRNA08 and NQO2 knockdown shRNA25 cells were exposed to actinomycin D (Act. D); cells were harvested at different times and changes in AKT mRNA levels were assayed by RT-PCR. As shown in [Figure 4B](#pone-0101070-g004){ref-type="fig"}, the half-life of AKT mRNA decreased from ∼4 h in control cells to ∼1 h in NQO2 knockdown cells, showing that AKT mRNA was several fold more stable in control cells (shRNA08) compared to NQO2 knockdown cells (shRNA25). We also determined whether resveratrol treatment altered AKT mRNA expression. NQO2 knockdown is accompanied by ∼47% reduction in AKT mRNA level. Exposure to 2.5 and 10 µM resveratrol reduced AKT mRNA by 14% and 19% in control shRNA08 cells but had no effect in NQO2 knockdown shRNA25 cells ([Fig. 4C](#pone-0101070-g004){ref-type="fig"}). These results suggest that NQO2 and resveratrol exert a complex effect in the control of AKT, viz., a NQO2-dependent transcriptional control, as supported by the substantial decrease in half-life of AKT mRNA in cells harboring partial silencing of NQO2, and a post-transcriptional effect attributed to treatment by resveratrol, by an NQO2-independent mechanism.

![Analysis of stability of AKT protein and mRNA in relation to knockdown status of NQO2.\
(**A**) Turnover/degradation of AKT in shRNA08 or shRNA25 cells. Cells were treated with 30 µg/ml CHX to inhibit new protein synthesis for the times indicated. Changes in AKT was analyzed by western blot analysis, with Hsp70 expression used as loading control. AKT expression was quantified by densitometry analysis and the expression was presented as fold relative to time zero. (**B**) Effect of knockdown NQO2 on AKT mRNA stability. Both shRNA08 and shRNA25 cells were treated with transcription inhibitor actinomycin D (5 µg/ml). Cells were harvested at 0, 1, 2 and 4 h after treatment. Total cellular RNA was isolated and residual mRNAs were determined by RT-PCR, using GAPDH mRNA expression as internal control. AKT expression was quantified by densitometric analysis and the expression was presented as fold relative to time zero. (**C**) Effect of resveratrol on AKT mRNA. Cells (shRNA08 and shRNA25 cells) were treated with increasing doses of resveratrol (0, 2.5 and 10 µM) for 72 h and changes on AKT mRNA levels were assayed by RT-PCR, quantified by densitometry, and expressed as fold differences by normalization against GAPDH.](pone.0101070.g004){#pone-0101070-g004}

Discussion {#s4}
==========

Experimental studies corroborated by clinical evidence point to deregulated AKT kinase activity as being causally linked to oncogenic transformation and tumor growth, thus providing the impetus for understanding the regulation of AKT as a critical target for the management and therapy of malignant diseases. Resveratrol has been reported to inhibit AKT activity; however, little is known about the underlying mechanism. We previously identified NQO2 as a resveratrol target protein [@pone.0101070-Buryanovskyy1] and showed that NQO2 is involved in resveratrol mediated AKT/GSK-3β/cyclin D1 control [@pone.0101070-Hsieh1]. How NQO2 controls AKT remains largely unknown. Thus our objectives in this study are to use multidisciplinary approaches to gain information on role resveratrol and NQO2 play in the control of AKT.

A lack of knowledge of three dimensional (3D) structure of NQO2:AKT complex limited efforts for detailed analysis of binding activity and specificity. Accordingly we performed *in silico* computer modeling studies to begin the exploration of the structure-activity relationship between NQO2 and AKT with its ligands (modulating small molecules). The *in-silico* simulations were aimed at uncovering possible interactive scenarios existing and occurring in the cell that might be amenable to correlative experimental analysis. To these ends, 3D structures of NQO2:AKT complex were first generated by GRAMM-X molecular modeling and used to probe the nature of docking between these two proteins, with and without the participation of ligands such as resveratrol. It was reasoned that this approach might also be applicable for the analysis of interaction between AKT and AKT:NQO2 complex with known AKT activators or inhibitors, e.g., PIPs, PS, and inhibitor VIII. To analyze the likelihood of interaction between AKT:NQO2, beyond qualitative physical measurements revealed by GRAMM-X protein docking, PatchDock/FireDock was employed to generate scores that show quantitatively protein:protein binding as well as the ability to dock with ligands [@pone.0101070-SchneidmanDuhovny1]--[@pone.0101070-Mashiach1]. Interestingly, protein-protein docking scores revealed that pre-binding of NQO2 with resveratrol reduced by ∼40% affinity between AKT:NQO2 ([Fig. 3D](#pone-0101070-g003){ref-type="fig"}) whereas pre-binding of both AKT and NQO2 with resveratrol resulted in ∼80% decrease in its binding affinity ([Fig. 3D](#pone-0101070-g003){ref-type="fig"}). In contrast, pre-binding of resveratrol to either NQO2 or AKT did not affect the binding affinity of PIP3 to AKT:NQO2 complex compared to AKT alone ([Table 1](#pone-0101070-t001){ref-type="table"}). These results suggest that resveratrol will not likely augment NQO2-mediated AKT deactivation in NQO2-expressing cells. Conceivably, however, resveratrol could deactivate AKT at high concentration via direct binding and therefore offer the potential for adjunctive therapy in individuals known to harbor AKT inhibitor resistant cells. Taken together, the computer modeling studies in this study clearly predicted binding and interaction existing between NQO2 and AKT and that this interaction is subject to modulation by ligands such as resveratrol and by AKT activators or inhibitors. In principle, therefore, this approach may be expanded into searches for more potent and specific modulators and or activators/inhibitors for the control AKT activity or interaction between the AKT:NQO2 complex.

AKT has been shown to promote cancer cell proliferation and survival by diverse mechanisms including the activation of downstream targets including forkhead transcription factors, GSK3, BAD, Bcl-XL, nuclear factor-kB, and mammalian target of rapamycin (mTOR) kinase [@pone.0101070-Cantley1], [@pone.0101070-Vivanco1], [@pone.0101070-Altomare1], [@pone.0101070-Hennessy1]. In our previous studies we found that NQO2 is involved in GSK-3β-mediated cyclin D1 degradation as well as in control of AKT activity [@pone.0101070-Hsieh1]. In the current study, we have expanded these studies using leads revealed by computer modeling analysis. We have found that NQO2 suppression of AKT may be explained in part by NQO2 targeting both the PH and KD domains of AKT and that the NQO2:AKT interaction interferes with binding between PH domain of AKT with its activator PIP3 ([Table 1](#pone-0101070-t001){ref-type="table"}), posibly impinging on AKT activation and activity. This observation may have broader implications based on the flurry of activities for developing AKT inhibitors targeted specifically against the PH domain of AKT [@pone.0101070-Barnett1]; thus, NQO2 may harness the potential as a novel endogenous cellular protein that may well modulate as well complement chemotherapeutic agents designed as AKT PH domain-specific inhibitors.

The development of selective, potent inhibitors targeting the ATP-binding pocket of AKT [@pone.0101070-Luo1] has been hampered by the extensive homology in ATP-binding sites among kinases. In this study we found that resveratrol binds AKT at its ATP site with lower binding affinity compared to ATP ([Fig. 3A](#pone-0101070-g003){ref-type="fig"}); curiously, AKT bound to resveratrol failed to be displaced by ATP ([Fig. 3C](#pone-0101070-g003){ref-type="fig"}) in resveratrol affinity columns. This observation raises the tantalizing possibility that resveratrol might be proffered as a low efficient, ATP-competitive AKT inhibitor with a reduced likelihood for inducing therapeutic resistance. Another equally attractive alternative is that resveratrol might function as a heterotropic allosteric modulator of AKT, vis-à-vis, by binding to AKT at a site distinct from the active site and effecting a decrease in binding affinity at the active site between ATP and AKT, rendering the enzyme inactive. Studies to test these possibilities in the context of resveratrol serving as allosteric modulator of AKT are underway in our laboratory.

It is noteworthy that the novel NQO2-non-kinase-mediated AKT control unraveled in this study differs significantly from traditional PTEN/PI3K mediated AKT control [@pone.0101070-Davies1]--[@pone.0101070-Davies2]; namely, the inhibition of AKT by over-expressing NQO2 in PTEN-deficient cancer cells can be expected to inhibit tumor growth. This yet-to-be-explored possibility might consolidate the notion that NQO2 indeed functions as a tumor suppressor in PTEN-deficient cancer cells. Alternatively, given that both NQO2 and PTEN can negatively regulate PI3K/AKT pathway via control of the interaction between AKT and its activator PIP3, an increase in NQO2 expression could restrict proliferation and survival of PTEN-deficient cancer cells by amplifying sensitivity to chemotherapeutic agents. A hypothetic model showing how NQO2 works in control of AKT activation is illustrated in [Figure 5](#pone-0101070-g005){ref-type="fig"}. Mechanistic possibilities depicted include: (i) contribution of resveratrol in control of PI3K/AKT signaling in cancer cells *in vitro* and possibly *in vivo*; (ii) role of NQO2 in the control of AKT activation ([Fig. 5A](#pone-0101070-g005){ref-type="fig"}) and additional modulation of this control by resveratrol ([Fig. 5B](#pone-0101070-g005){ref-type="fig"}); and (iii) whether NQO2 might function as a tumor suppressor in PTEN-deficient cancer cells by the novel NQO2-non-kinase-mediated PI3K/AKT survival pathway.

![A proposed mechanism on the role of NQO2 in regulating AKT and AKT-mediated signaling events.\
(**A**) Hypotheses: NQO2 acts as a physiologic partner and modulator of AKT by disruption of its activation. NQO2/AKT interaction may (i) disrupt or limit the access of PIP3 for membrane translocation by AKT or (ii) inhibit the catalytic activity of AKT. (**B**) NQO2 regulates GSK-3β-mediated cyclin D1 degradation by binding AKT and/or inhibiting its phosphorylation-dependent activation. This sequence of events is effectively attenuated in NQO2 knockdown cells or when cells are exposed to resveratrol, which acts by effectively binding and sequestrating NQO2, rendering it incapable of forming a complex with AKT.](pone.0101070.g005){#pone-0101070-g005}

In summary, the control of AKT by NQO2 revealed by the present studies extends our previous report on the control of cyclin D1 by NQO2 mediated control of GSK-3β [@pone.0101070-Hsieh1] and provides new insights on our understanding of how NQO2 controls cyclin D1 via AKT/GSK-3β signaling. Thus, binding and complex formation between NQO2 and AKT in the cytosol could restrict and prevent binding of AKT with its activator PIP3, effectively suppressing phosphorylation-dependent activation of AKT which in turn interferes with phosphorylation of GSK-3β, subsequently suppressing GSK-3β-mediated cyclin D1 degradation by proteasomes. In a larger context, results of this study validate the chemotherapeutic potential of targeting AKT by NQO2, and that NQO2 acts as a versatile AKT inhibitor affecting its ATP-binding pocket, the PH domain, and disrupts its interaction with upstream inhibitors interfering with enzyme activation of PTEN. From a public health perspective, control of AKT by NQO2 has implications for treating PTEN-deficient cells and circumventing drug resistance to AKT in cells harboring over-expression of NQO2.
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